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ABSTRACT
Wind instrument pedagogy has historically been limited by the inability to collect
quantitative data on the relationships and impact of different elements of tone production.
This study collected and analyzed data on three of the fundamental components of
saxophone tone production: embouchure pressure, air velocity, and air direction. The
results help build a better understanding of the inner workings of producing a
characteristic saxophone sound.
Six classical alto saxophone players completed a variety of exercises to isolate
and measure each of these components. The data was collected using a force-sensitive
resistor and a pitot tube, each connected to an Arduino microcontroller.
The collected data reinforced some of the most commonly discussed fundamental
beliefs about the way a player’s embouchure and air use affect the production of tone,
while providing some surprising insights into the varying approaches possible on the
instrument.
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CHAPTER 1
INTRODUCTION
One of the earliest challenges when learning to play the saxophone, or any other
wind instrument, is developing an understanding of how the embouchure and air column
work to shape each individual performer’s tone. Without the ability to visually see how
students manipulate these factors, teachers rely on metaphors and preconceived
relationships between fundamental components of tone production – namely,
embouchure pressure, air velocity, air direction – and specific sound characteristics.
While these preconceived relationships are often based on years of personal experience,
study, and expertise there is currently little concrete data to support them.
This study seeks to increase the amount of data for these fundamental components
of tone production. By isolating each component, it is possible to better understand how
they work together to create the characteristic sound we work towards. If we as educators
are better able to understand the distinct elements that work together to produce a
characteristic sound, we can become more creative and effective in our approaches to
sharing this knowledge.
After a brief review of instructional methods for saxophone and experimental
studies completed on the saxophone embouchure, this paper will present a variety of
exercises utilized to isolate and examine embouchure pressure, air velocity, and air
direction. The compiled data from these exercises will be reviewed to search for
relationships and commonalities among performers.
1

CHAPTER 2
REVIEW OF RELATED LITERATURE
Existing literature on the topic of saxophone tone production can be placed in two
separate categories: instructional methods and experimental studies.
Instructional Methods include resources on the proper formation of the saxophone
embouchure and techniques to develop a characteristic sound. These methods are largely
written by performers and teachers and are based on the respective authors’ approaches to
the instrument. While there are numerous examples of these instructional methods, this
review will focus on several of the most commonly accepted techniques.
There have also been a handful of experimental studies completed on the
components of saxophone tone production. The goals, level of complexity and
pedagogical value of these studies are varied, however each provides insights on potential
research and helped refine the scope of this project. Additionally, research on bite force
has been conducted in several studies focused on dental health, which are also included in
this review.
2.1 INSTRUCTIONAL METHODS
The Saxophonist’s Workbook – Larry Teal
One of American saxophone pedagogue Larry Teal’s earliest works, The
Saxophonist’s Workbook provides specific details on the formation of the embouchure, as
well as the importance of a strong and controlled air stream. On the embouchure, Teal
says “The embouchure should be firm, but not tight, with equal pressure on all sides, as if
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a rubber band was stretched around the mouthpiece. The muscles of the chin, combined
with the mouth corner muscles, should provide the required firmness to control the
reed.”1 Teal also discusses the air stream stating “the amount of volume should be
controlled from the diaphragm by the air pressure at the point of the reed, not by pinching
or loosening the lip pressure. Think of blowing slowly for soft playing, speeding up the
air as you need volume.”2
The Art of Saxophone Playing – Larry Teal
In his 1963 book The Art of Saxophone Playing, Larry Teal breaks down the
components of saxophone tone production into the technical aspects of breathing and
embouchure formation.
Before even discussing the embouchure, Teal focuses on proper breathing
technique and control of the airstream. He states: “Too often, young musicians will
attempt to play for several years without giving serious thought to the method and control
of the air stream, and this void in their training can be the cause of many musical
frustrations. The player blames the mouthpiece, the reed, and (most of all) the
embouchure.”3 Teal provides details on the mechanical process of breathing, but includes
only minor details about control of the air stream, simply stating “the primary purpose of
the air stream is to set the reed in vibration.”4

1

Larry Teal, The Saxophonist’s Workbook (Ann Arbor, MI: Encore Publications,

1958), 2.
2

Teal, The Saxophonist’s Workbook, 2.

3

Larry Teal, The Art of Saxophone Playing (Los Angeles: Summy-Birchard
Music, 1963), 33.
4

Teal, The Art of Saxophone Playing, 47.
3

Teal discusses the components of the embouchure in great detail, focusing his
description on what he calls “The Embouchure Wheel.” He states, “the lips should circle
the mouthpiece with an equal pressure toward the center, much the same as an elastic
band,” and “the embouchure must be relaxed and cushioned, but supported.”5 While
these descriptions are helpful, they lack quantitative data to support them.
Voicing: An Approach to the Saxophone’s Third Register – Donald Sinta
Published in 1992, Voicing by Donald Sinta focuses mostly on developing control
of the oral cavity and air stream to allow for greater flexibility in tone, and the expansion
of the range into the altissimo register. Sinta does not provide any basic information
about the formation of the embouchure, instead focusing on physical motions that are
required for the playing of overtones.
When speaking about varying mouthpiece pitch, Sinta suggests “While blowing
air, attempt to deliberately move the tongue to different positions in the mouth. (ex:
forward; backward; sideways; arch in center, front, back; curled up or down).”6 This
approach focuses on the specific motions that need to be adjusted rather than the result of
those motions.
Saxophone High Tones – Eugene Rousseau
Though Eugene Rousseau’s 1978 work Saxophone High Tones mostly focuses on
the development and expansion of the standard saxophone range, he emphasizes the

5

Teal, The Art of Saxophone Playing, 44.

Donald Sinta, Voicing: An Approach to the Saxophone’s Third Register
(Radford, VA: Denise C. Dabney, 1992), 7.
6
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importance of a proper embouchure and manipulation of the air stream as essential
components of the saxophone tone.
Rousseau provides the following steps to form the saxophone embouchure.
1. Curl lower lip slightly over teeth.
2. Keep chin in a natural position.
3. Form an “oo” shape (as in saying coo) with the mouth and lips.
4. Form a circular shape with the mouth (the lower lip should appear
somewhat bunched).
5. Place mouthpiece alone in the mouth with top teeth resting solidly on
the top of the mouthpiece.
6. The round “oo” shape should now give solid support all around the
mouthpiece.7

Rousseau does provide some specific examples of the relationships between air
direction and mouthpiece pitch/overtones: “If the pitch produced on the mouthpiece alone
is higher than indicated in the staff above, direct the air stream down, remembering
always to keep the embouchure solid. If the pitch on the mouthpiece alone is too low,
direct the stream up.”8 He also suggests that “by changing the embouchure and air
pressure it is possible to bypass the fundamental, thereby causing one of the harmonics to
be heard as the main pitch. […] The air pressure must be increased as the higher
harmonics are attempted - the effect being a smaller quantity of air put to use. This
technique will equate with a higher pitch on the mouthpiece alone.”9

7

Eugene Rousseau, Saxophone High Tones (Maryland Heights, MO: Lauren
Keiser Music Publishing, 2002), 1.
8

Rousseau, Saxophone High Tones, 1.

9

Rousseau, Saxophone High Tones, 2.
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Saxophone Artistry in Performance & Pedagogy – Eugene Rousseau
Building on his 1978 work, Rousseau’s 2013 Saxophone Artistry in Performance
& Pedagogy offers minor revisions and clarifications of aspects of saxophone tone
production discussed in his earlier work. Rousseau suggests that proper usage of air
relates in large part to the formation of the correct embouchure. “In other words,” he
writes, “uncharacteristic tone can be attributed to incorrect use of air, which begins with
embouchure formation. It follows that the embouchure - everything that is in between the
air and the instrument - assists greatly in directing the air, and the two ingredients most
important in all wind-playing are air and embouchure.”10
Additionally, Rousseau draws a direct parallel between an increase in
embouchure pressure when playing in the altissimo register. “An inordinate amount of
practice, notably in the above-normal (altissimo) range can cause soreness due to the
increased amount of bite pressure required for the faster vibrations of the reed.”11
2.2 EXPERIMENTAL STUDIES
An Ultrasonographic Observation of Saxophonists’ Tongue Positions While
Producing Front F Pitch Bends – Ryan C. Lemoine
Lemoine’s 2016 study attempted to “observe and quantify tongue motion during
descending and ascending pitch bends from F6 on the alto saxophone and measure the
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Eugene Rousseau, Saxophone Artistry in Performance & Pedagogy (Ham Lake,
MN: Jeanne, Inc., 2013), 6.
11

Rousseau, Saxophone Artistry in Performance & Pedagogy, 9.
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tongue’s range of motion.”12 Ultrasound image data of the tongue position was collected
as saxophonists completed a variety of tasks to demonstrate oral cavity flexibility. It was
found that “a considerable amount of tongue motion was observed to generate the pitch
bend.”13
Lemoine’s research also showed that “there can be some variation in tongue
control while achieving the same result.”14 This statement may suggest that it is not the
tongue position itself which manipulates the pitch, rather the resultant change in the
airstream which is important.
Measurement of Vocal-tract Influence during Saxophone Performance – Gary P.
Scavone
Using both upstream (inside the oral cavity) and downstream (inside the
mouthpiece) pressure transducers, Scavone attempts to provide “a running analysis of
vocal-tract influence over time (not solely at discrete moments in time).”15 In this study,
the vocal-tract refers to both the oral cavity and the pharyngeal cavity or throat and does
not make distinctions between the two. The study showed that “vocal-tract manipulations

Ryan C. Lemoine, “An Ultrasonographic Observation of Saxophonists’ Tongue
Positions While Producing Front F Pitch Bends” (DMA diss., Arizona State University,
2016), 16.
12

13

Lemoine, 26.

14

Lemoine, 39.

Gary P. Scavone, Antoine Lefebvre, and Andry R. da Silva, “Measurement of
Vocal-tract Influence during Saxophone Performance,” Journal of the Acoustical Society
of America 123, no. 4 (April 2008): 2392, https://doi.org/10.1121/1.2839900.
15
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can be used throughout the playing range of the saxophone to produce subtle timbre
variations involving frequency components from at least 800-2000 Hz.”16
When examining vocal-tract influence across different registers of the saxophone,
it was determined that “vocal-tract influence for “normal” playing within the traditional
range of the alto saxophone is primarily limited to timbre modification because most of
these notes are well supported by the downstream air column.”17 Although the study did
utilize a force sensitive resistor placed on top of the mouthpiece to track embouchure
pressure, it was primarily used to “help distinguish between vocal tract and embouchure
changes.”18
The Saxophonist’s Anatomy – Steven Jordheim
In 2009, Steven Jordheim completed a study where participants played through a
variety of tasks with fiber optic cameras inserted to view their mouth and throat.
Jordheim found that “the recordings revealed that the action of the vocal mechanism was
nearly identical across the group of participants for nearly all techniques performed in the
project.”19
While the videos produced help visualize the motions needed to manipulate the
saxophone embouchure, from a pedagogical perspective they still rely on the ability of
the student to understand exactly what is happening within their own oral cavity.

16

Scavone, Lefebvre, and da Silva, “Measurement of Vocal-tract,” 2398.

17

Scavone, Lefebvre, and da Silva, “Measurement of Vocal-tract,” 2399.

18

Scavone, Lefebvre, and da Silva, “Measurement of Vocal-tract,” 2393.

Steven Jordheim, “The Saxophonist’s Anatomy”,
https://www2.lawrence.edu/fast/jordheis/.
19
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Additionally, Jordheim’s work relies on subjects who all have similar pedagogical
backgrounds, studying at Lawrence University.
An Investigation of Clarinet Playing Using a Sensor-equipped Mouthpiece – Camille
Adkison
Much like the research completed by Gary Scavone, this study utilizes a sensor
equipped mouthpiece which “enables real-time measurements of pressure inside the
mouthpiece and musicians’ mouth as well as the relative motion of the reed.”20 The study
focused on examining variations in air pressure during clarinet articulation, concluding
that the transition between articulated notes took longer than slurred transitions. Though
the research on articulation is not relevant to the current study, it shows how quantitative
data can be valuable to performers and educators.
Integrating Piezoresistive Sensors on the Embouchure Analysis of the Lower Lip in
Single Reed Instrumentalists: Implantation of the Lip Pressure Appliance (LPA) –
Miguel Pais Clemente, et. Al.
This dental study performed by researchers at the Faculty of Medicine in Porto,
Portugal details the use of piezoresistive sensors to test the embouchure pressure of
several saxophonists and clarinetists. Piezoresistive sensors utilize variations in electrical
resistance to allow the calculation of applied forces. Though the focus of this study is
“the measurement of the medium and maximum applied forces at the lower lip during the
embouchure mechanism of single reed instrumentalists and the implementation of an

Camille Adkison, “An Investigation of Clarinet Playing Using a Sensorequipped Mouthpiece” (Honors Thesis, Rollins College, 2019), 20.
20

9

intraoral device that may dissipate the existing pressures.”21 The researchers found
maximum recorded pressures of 320 grams (3.14 newtons) with medium values ranging
from 5 grams to 169 grams (0.05 newtons to 1.66 newtons). The discussion of the
formation of a Lip Pressure Appliance is not relevant to this study; however, the baseline
embouchure pressure values and techniques used to measure them help to validate the
techniques used in this research.

Miguel Pais et al., “Integrating Piezoresistive Sensors on the Embouchure
Analysis of the Lower Lip in Single Reed Instrumentalists: Implementation of the Lip
Pressure Appliance (LPA),” Clinical and Experimental Dental Research 5, no. 5
(October 2019): 492.
21
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CHAPTER 3
METHODOLOGY
While there are numerous factors that impact the production of tone, this study
will focus only on three components: (1) embouchure pressure, (2) air velocity, and (3)
air direction.
General Testing Procedures:
Each participant in the study played through identical exercises on their preferred
set of equipment for classical alto saxophone playing. Listed below are the details of the
testing setup. Audio from each session was captured through a Zoom H5 Recorder. The
recorder was placed five feet away from the participant to allow for clear, unobstructed
sound. All electronic data was collected through an Arduino Uno Microcontroller which
recorded the raw outputs from the force-sensitive resistor and pitot tube. The time
stamped data was then imported into Microsoft Excel for cleaning and sorting.
Sample Population
A sample population of six saxophonists was utilized for all testing. All
participants had at least ten years of playing experience and had studied saxophone at the
collegiate level. Though all participants had a direct connection to the University of
South Carolina they came from a variety of pedagogical backgrounds, with degrees from
seven other institutions.

11

CHAPTER 4
EMBOUCHURE PRESSURE (BITE FORCE)
Justification
Applying the proper amount of vertical embouchure pressure (bite force) is a
critical component to producing a characteristic saxophone sound. “Biting” is one of the
most common tendencies of students, as it can cover up issues with tongue position, as
well as endurance issues arising from a lack of practice time. Without any concrete data
on the correct amount of embouchure pressure, instructional methods rely on visual
imagery (the embouchure wheel)22 or descriptions of the sensation of a proper
embouchure.
Methodology
Vertical embouchure pressure was measured using a Force-Sensitive Resistor
(FSR) placed on the heart of the reed where it contacts the lower lip as shown in Figure
4.1.
An Arduino Uno running the code shown in Appendix A provided a real-time
readout of the vertical force applied by the saxophonist. The embouchure pressure was
measured while completing pitch bends, and across different ranges of the instrument
including the altissimo register.

22

Teal, The Art of Saxophone Playing, 41.
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Figure 4.1: Force-Sensitive Resistor attached to the heart of the saxophone reed
Procedure
While testing for embouchure pressure, each saxophonist played through three
exercises.
First, they performed what is commonly known as the ‘F-Trick’23, a series of
pitch bends while maintain the fingering for front F as shown in Figure 4.2. This exercise
is commonly used to develop control of the oral cavity and vocal tract muscles and
should be performed without significant changes in embouchure pressure. The goal of the
exercise is to “gain increased flexibility and awareness of the oral muscles involved in
this manipulation.”24 Testing embouchure pressure during this exercise provided data on
the actual variations in pressure that occur while bending pitch.
The second exercise involved playing a series of octaves into the altissimo
register, as shown in Figure 4.3. This exercise allowed for a comparison of embouchure
23

Sinta, Voicing: An Approach to the Saxophone’s Third Register, 8.

24

Sinta, 10.
13

pressure across the entire range of the saxophone. While most saxophonists try to avoid
dramatic changes in embouchure pressure, there is an understanding that variations in
embouchure pressure may be necessary in both the extreme low and high registers. By
expanding into the altissimo register this exercise also provided data to compare with
Rousseau’s belief that an increase in embouchure pressure is necessary to play in the
altissimo register.25
Finally, the saxophonist sustained a written A, alternating their normal
embouchure pressure with an increase in pressure as shown in Figure 4.4. This allowed
for a comparison of the overtone spectrum between the two notes. The participants were
instructed not to actively fight against the change in pitch that can occur when varying
embouchure pressure.

Figure 4.2: Front F Pitch Bends (Transposed to Eb)

25

Rousseau, Saxophone Artistry in Performance & Pedagogy, 9.
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Figure 4.3: Octave Exercise (Transposed to Eb)

Figure 4.4: Variation of Embouchure Pressure (Transposed to Eb)

Results
The processing of the data from Subject 1 is shown below. Each data set was
processed in the same manner. The force-sensitive resistor collected 10-bit data with an
output range between 0 and 1023. This output was mapped onto the FSR output curve
provided by the manufacturer to calculate a pressure value. Measurements for
embouchure pressure were taken approximately every 0.05 seconds.

15

Raw Data for Subject 1 performing Front F Pitch Bends is shown in Figure 4.5.
Each of the five plateau’s shows the embouchure pressure for one of the three note
groups, while each significant drop represents one of the half rests shown in the exercise.
To allow for easier comparison between test subjects, the average pressure was
taken at each pitch level and plotted in Figure 4.6. The average pressure values from all
test subjects were aligned and plotted on Figure 4.7.
Figures 4.8, 4.9, and 4.10 show the processing of data for subjects performing the
octave exercise. Figures 4.11, 4.12, and 4.13 show the processing of data for subjects
varying embouchure pressure. A full discussion of results appears in Chapter 7.
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Subject 1: Octave Exercise
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Subject 1: Variation of Embouchure Pressure
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CHAPTER 5
AIR VELOCITY
Justification
The manipulation of air velocity is another common discussion point in existing
instructional methods. Many times, air velocity is discussed in the context of volume.26
Additionally, the manipulation of air velocity has been offered as a fundamental
component of saxophone tone.27
Methodology
To measure air velocity, a MPXV7002DP Differential Pressure Airspeed Sensor
was mounted on a piece of a saxophone neck (Figure 5.1). The nozzle was inserted 1 inch
into the bore of the mouthpiece (Figure 5.2). An Arduino Uno ran the code in Appendix
C that measured the air velocity as the saxophonist performed two different exercises on
the mouthpiece.
The nozzle was mounted on a piece of a saxophone neck, which lowered the
standard mouthpiece pitch for most players by about a whole step. However, the insertion
of the neck more closely matches the air flow when playing on a fully assembled
saxophone, and because all saxophonists played with the same sensor, the data is
consistent from player to player.
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Figure 5.1: Airspeed Sensor Mounted on Piece of Saxophone Neck

Figure 5.2: Positioning of Airspeed Sensor Inside Saxophone Mouthpiece
Procedure
To collect data on air velocity, each saxophonist performed two exercises. In the
first exercise, each saxophonist produced a series of pitch bends on the mouthpiece with
the airspeed sensor attached, as notated in Figure 5.3 The exercises included a pitch
reference to ensure a consistent pitch center and the participants were instructed to try to
maintain a consistent air stream throughout. While pitch bending is generally discussed in
the context of the oral cavity, the measurement of velocity can provide insights into the
resultant changes in the air column as well.
27

Figure 5.3: Descending Mouthpiece Pitch Bends (Concert Pitch)
In the second exercise, the saxophonists played a series of dynamic changes as
shown in Figure 5.4. This provided data on the relationship between air velocity and
volume.

Figure 5.4: Dynamic Changes to be Performed (Concert Pitch)
Results
The processing of the data from Subject 1 is shown below. Each data set was
processed in the same manner. Due to errors in data collection by the airspeed sensor,
data for subjects 2 and 4 was not able to be included in the results and included data for
subject 6 was limited to 3 pitch levels. Air velocity measurements were taken
approximately every 0.014 seconds.
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Raw Data for Subject 1 performing Mouthpiece Pitch Bends is shown in Figure
5.5. To allow for easier comparison between test subjects, the average air velocity was
taken at each pitch level and plotted in Figure 5.6. The average air velocity values from
all test subjects were aligned and plotted on Figure 5.7.
Air velocity data during dynamic changes for Subject 1 is plotted in figure 5.8 and
results for all participants are plotted in figure 5.9.
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Subject 1: Average Air Velocity during Pitch Bends
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CHAPTER 6
AIR DIRECTION
Justification
The perceived direction of airflow from the oral cavity into the mouthpiece is a
common discussion point in existing instructional methods. Rousseau states it is possible
to lower pitch by directing the air stream down and raise pitch by directing the air stream
up.28
Methodology
While air direction can be manipulated inside the oral cavity, it remains unclear if
this manipulation results in actual changes in air direction entering or exiting the
mouthpiece. By assuming a constant true air velocity between pitches and measuring the
horizontal component of the velocity, it is possible to calculate both the vertical
component and the angle of airflow within the oral cavity.

Figure 6.1: Diagram for Calculation of Angle of Airflow
28
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Results
To calculate the angle of airflow, the true air velocity was set to the average of the
airspeed values measured immediately before and after the pitch bend. The airspeed of
the bent pitch was set as the horizontal component of the velocity, allowing for the
calculation of the angle of airflow within the oral cavity. The calculated angle of airflow
for each pitch is shown in Figure 6.2
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CHAPTER 7
DISCUSSION OF RESULTS
Embouchure Pressure during Front F Pitch Bends
While completing Front F pitch bends there were only minor changes in
embouchure pressure among participants. This preliminary finding is consistent with
current pedagogical beliefs about the manipulation of pitch using the oral cavity alone.
While most subjects were consistent with themselves in terms of increasing or decreasing
pressure while bending pitch, there did not appear to be a consistent approach between
subjects.
There are a few potential causes of the slight variation of embouchure pressure
during pitch bending. It is most likely that this variation is due to sliding or rolling of the
lower lip during pitch bends, rather than a specific effort to change the amount of
embouchure pressure.
Embouchure Pressure across Registers
When playing the series of octaves, there were significant variations in pressure.
While most saxophonists agree that some variation in embouchure pressure is typical, the
variation in the data showed two very distinct patterns for embouchure pressure among
participants. Three participants had data matching the first pattern, shown in Figure 7.1.
This pattern of an increase in pressure the higher the register was the expected outcome
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and confirms the observation by Rousseau that an increase in pressure is necessary to
play in the altissimo register.29
The second pattern shown in Figure 7.2 resembles the shape of a lowercase “n”,
with a dramatic drop in embouchure pressure while playing in the altissimo register. The
consistency at which this shape appeared, even among different participants was
surprising and suggests the potential of dramatic differences in approach to the altissimo
register between the two groups.
These distinct approaches likely appear due to differences in the reliance on oral
cavity manipulation for each participant. Participants whose data matched the second
pattern could account for the decreased embouchure pressure in the altissimo register
with an increased reliance on oral cavity manipulation. Participants who increased
embouchure pressure in the altissimo register would therefore require less manipulation
of the oral cavity to reach those pitches. There were no obvious correlations between
equipment choices, pedagogical backgrounds, or experience levels between the two
groups.
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Pattern 2: Embouchure Pressure during Octave Exercise
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Variation of Embouchure Pressure
Purposely varying the amount of embouchure pressure applied to a single pitch
allowed for an examination of the difference in overtone presence between a standard
embouchure and one with an increase in pressure. Using Sonic Visualizer allowed the
production of a spectrogram showing the decibel levels of each partial.
Figure 7.3 shows the presence of different overtones within the core sound for
Subject 1, first when playing with standard embouchure pressure, then when purposefully
increasing the pressure. Each horizontal line represents a partial present in the overall
sound. The red partials are the most present, followed by yellow and green. To allow
comparison between the six participants, the relative volume of each partial was
normalized and plotted in Figure 7.4. The vertical axis represents the percentage of the
partial compared to the fundamental, while the numbers on the horizontal axis represent
the specific partial.
When participants increased the amount of embouchure pressure applied, there is
a clear reduction in the presence of the 2nd partial, as well as a general increase of the
presence of partials 4, 5 and 6. Based on the change in tone heard during these tests, the
2nd partial may represent the “core” of the sound, while the increase of higher partials
represents the “brightness” that can be heard when an increase in embouchure pressure
occurs. By examining spectrographic output of a recording, it could be possible to
observe this loss of the 2nd partial and conclude that a student was applying too much
pressure.
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Figure 7.3 Spectrogram Showing Impact of Embouchure Pressure for Subject 1
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Air Velocity during Mouthpiece Pitch Bends
Air velocity data collected during mouthpiece pitch bends shows a consistent drop
in velocity as the pitch was lowered, even though participants were instructed to attempt
to keep a steady airstream. This drop in measured velocity likely is due to the
manipulation of the oral cavity required to adjust the pitch, and a potential change in
direction of the air column. Additionally, in nearly all cases the return to the starting pitch
also showed a slight drop in velocity when compared to the starting pitch. This slight
drop is likely due to the relaxation of the participant at the end of the exercise, rather than
a result of the change in pitch.
Air Velocity and Dynamic Level
As expected, the data shows a clear relationship between air velocity and dynamic
level, supporting statements made by Larry Teal.30 As participants increased their
volume, the measured air velocity increased to match. Though all subjects had different
baseline air velocities and air velocity ranges, the overall dynamic shapes were clearly
represented in the data.
Air Direction during Mouthpiece Pitch Bends
The calculated airflow angles during mouthpiece pitch bends show a similar
pattern across all subjects. While the sample size is too small to be statistically
significant, the data does suggest that the larger the airflow angle, the more dramatically
the pitch changes, supporting the belief that more significant changes to the oral cavity
are necessary to introduce larger changes in pitch. The data also confirms Rousseau’s
statement that pitch can be altered by making changes to air direction inside the oral
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cavity.31 Additionally, as the airflow angle increased, the parallel air velocity through the
mouthpiece dropped because of the increased influence of the vertical velocity
component.
Impact on Pedagogy and Practice
The most surprising finding in this study was the dramatic differences in approach
between participants while playing in the altissimo register. Understanding that increases
and decreases in embouchure pressure both resulted in the production of notes in the
altissimo register suggests that a balance between different components of tone
production is more important than each component individually. For example,
participants who decreased embouchure pressure would need to manipulate their oral
cavity in a different way to produce the altissimo note.
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CHAPTER 8
LIMITATIONS OF THE STUDY
Limitation of Scope
To keep the size of the data set manageable, the scope of this project was limited
to alto saxophone players. While it is likely that similar results could be collected for
other sizes of saxophone, all subjects for this study performed on alto saxophone.
Additionally, the focus was placed on subjects who could be categorized as
classical players. Traditionally there is a far greater variety of tonal concepts employed
by jazz musicians, which suggests a greater variety of oral cavity shapes. While the
classical embouchure focuses on stability and tonal consistency, the jazz embouchure is
generally taught to be freer and more flexible.
Limited Sample Size
Due to the COVID-19 pandemic, the sample size for this project was limited to
subjects who had been fully vaccinated. The pandemic also restricted travel, limiting the
sample population to the immediate area of the study. Indirectly, these limitations also
caused the sample population to be largely of the same pedagogical background and
playing level.
While a larger and more diverse data set would be helpful in confirming the
observed relationships, the data set utilized by this study is similar in size and diversity as
studies by Scavone (4 subjects), Adkison (6 subjects), and Lemoine (10 subjects)
examined in the literature review.
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Measurement of Air Flow
To allow participants to utilize their own equipment, all measurements were taken
in ways which did not require permanent alterations to equipment. The most obvious
limitation to this approach is the use of the pitot tube to measure air velocity. While a
pitot tube is a great tool to measure parallel airflow, the inability to measure air velocity
with varying air direction created issues while completing mouthpiece pitch bends.
The pitot tube also present difficulties due to its size. It was not possible to
configure the tube to allow for measurements to be taken under standard playing
conditions, instead requiring the special neck insert, and the exclusion of the remainder of
the saxophone body.
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CHAPTER 9
FUTURE CONSIDERATIONS
This study represents one of the first attempts at collecting to quantify the
fundamental components of saxophone tone production. A variety of future studies could
be completed based on the initial findings of this research.
Jazz vs. Classical
One of the most intriguing follow up studies would utilize a similar testing
procedure to compare and contrast the jazz and classical saxophone embouchures.
Classical players frequently struggle to grasp the changes necessary to achieve a
characteristic jazz sound and the insights provided could help ease the transition between
genres.
Vibrato
Discussions and analysis of vibrato are common in saxophone circles. By utilizing
the force-sensitive resistor used to monitor embouchure pressure it is possible to visualize
the jaw motion necessary to play with vibrato. Additionally, the shaping and alteration of
vibrato during a phrase could be examined using these techniques.
Sensor-Equipped Mouthpiece
A Sensor-Equipped Mouthpiece relies on pressure measurements taken inside the
mouthpiece, as well as within the players oral cavity. By measuring the variation in
pressure, a variety of factors can be examined. The utilization of a Sensor-Equipped
Mouthpiece could allow for measurement of air velocity regardless of direction of flow,
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as well as allow tests to be completed while utilizing the entire instrument rather than
only the mouthpiece.
Pedagogical Tools
While it was not possible to determine a correct amount of embouchure force in
this study, a larger study may be able to establish a more concrete range of accepted
values. Using these values, it would be possible to create a tool which could alert players
if they passed the threshold of acceptable pressure levels. This could be particularly
helpful for young students who could learn what a proper embouchure feels like early on
and avoid creating bad habits related to excess embouchure pressure.
Playing Ability of Participants
All participants in the study were able to complete each exercise without
significant difficulty. While this ability level provides valuable data points, the exercises
could also be attempted by participants who were unable to perform the required skills.
When compared to the results of participants who successfully completed the exercises,
these failed data points could provide insight into potential errors in approach made by
the participants.
Systematic Measurement
Based on the preliminary data collected in this study, it appears unlikely that there
are specific recommended measurements for each component. However, the variation in
recorded data suggests multiple possible approaches to playing the instrument. If these
components were all measured at the same time, results could provide some clarification
on how the components work together to impact the tone of each individual performer.
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APPENDIX A
ARDUINO CODE FOR CALCULATING BITE FORCE
The following code was adapted from code provided by Adafruit.
int fsrAnalogPin = 0;
int fsrReading;
void setup(void) {
Serial.begin(9600);
}
void loop(void) {
fsrReading = analogRead(fsrAnalogPin);
Serial.print("Analog reading = ");
Serial.println(fsrReading);
delay(100);
}
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APPENDIX B
ARDUINO CODE FOR CALCULATING AIR VELOCITY
The following code was adapted from code provided by Joshua Hrisko
float V_0 = 5.0;
float rho = 1.204;
int offset = 0;
int offset_size = 10;
int veloc_mean_size = 20;
int zero_span = 2;
void setup() {
Serial.begin(9600);
for (int ii=0;ii<offset_size;ii++){
offset += analogRead(A0)-(1023/2);
}
offset /= offset_size;
}
void loop() {
float adc_avg = 0; float veloc = 0.0;
// average a few ADC readings for stability
for (int ii=0;ii<veloc_mean_size;ii++){
adc_avg+= analogRead(A0)-offset;
}
adc_avg/=veloc_mean_size;
if (adc_avg>512-zero_span and adc_avg<512+zero_span){
} else{
if (adc_avg<512){
veloc = sqrt((-10000.0*((adc_avg/1023.0)-0.5))/rho);
} else{
veloc = -sqrt((10000.0*((adc_avg/1023.0)-0.5))/rho);
}
}
Serial.println(veloc);
delay(10);
}
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APPENDIX C
DEGREE REQUIRED RECITAL PROGRAMS
DMA Degree Required Solo Recital 1
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DMA Required Chamber Recital
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DMA Required Solo Recital 2

This recital was completed as a recording project, due to the COVID-19 Pandemic.
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DMA Required Solo Recital 3
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